Abstract-This paper reports an optical sensor using plastic optical fiber for the detection of hydrogen gas. A thin layer of palladium is used as the sensing layer to enhance the performance of the optical fiber sensor. When interrogated with a broadband white light source and a spectrometer, significant changes were observed in the intensity spectrum and dynamic response of the sensor as the concentration of hydrogen in air changed. The sensor demonstrated high sensitivity towards concentrations of hydrogen between 0.5% to 2% in synthetic air with a high response and recovery time of 50s and 80s respectively.
I. INTRODUCTION
Hydrogen (H 2 ) is being widely explored as a replacement for fossil fuel in transportation. It can be used either in fuel cells for powering electrical motors or in internal combustion engines [1] - [3] . As an environmentally friendly fuel with low harmful emissions, it shows great promise as a fuel of the future. However it also comes with its own set of problems.
When properly contained in gas tanks it is relatively safe, however when there is a leak it can turn out to be hazardous. When H 2 escapes, it combines with oxygen in the air and becomes highly flammable and often explosive. This odorless, colorless gas could burn with an intense invisible flame that is difficult to put out [4] .
The standard percentage of H 2 in the environment is 0.00005%. A concentration as low as 4% H 2 in air under normal atmospheric pressure can be explosive [4] , [5] . Therefore it is extremely desirable to have highly sensitive devices that can detect H 2 leaks and provide warnings in order prevent accidents that can cause loss of life and property.
Sensors that can detect elevated concentrations of hydrogen in air are extremely advantageous as leaks can be detected early and addressed.
Optical sensors are currently gaining popularity due to their numerous advantages such as miniaturized size, flexibility, no fire hazard due to optical instead of electrical signal and immunity to electromagnetic field [6] - [8] . Optical fibers sensors can also work as intrinsic sensors where the fiber itself can function as a sensor making it highly suitable all optical sensing [9] - [11] .
Several studies on all optical hydrogen sensing using multimode fibers [12] , [13] and fiber Bragg gratings (FBGs) [14] - [16] have been conducted. Nanostructured sensing layers were introduced to increase the sensitivity of the developed sensor. Palladium (Pd) is a highly desirable sensing layer that shows great potential towards H 2 detection [17] - [19] . Most optical fiber based sensors need some type of modification to the cladding in order to make it sensitive towards its' surrounding.
These modifications include chemical etching [20] , tapering [21] or side polishing [22] to allow the evanescent wave to interact with the surrounding medium. These modifications tend make the optical fibers fragile and cause handling difficulties. Plastic optical fibers (POFs) offer a great solution as it has a large core diameter and is robust and easy to handle even after removal of the cladding layer [23] .
In this research a decladded plastic optical fiber sputtered with a thin palladium layer is used for the detection of gaseous hydrogen.
II. SENSOR FABRICATION
Multimode POFs with core diameter of 980 microns and cladding thickness of 10 microns were commercially acquired. Then, a 2 cm length of the plastic buffer coating of the POF is removed using a special plastic fiber stripper.
The cladding is removed in a few simple steps. First, a tissue soaked with a few drops of acetone is wrapped around the POF for around 10 seconds. This step softens the cladding. Then the fiber is cleaned gently with another piece of tissue that has been soaked with acetone diluted in water with a 50-50 ratio.
The purpose of diluting the acetone is to prevent the POF from breaking and to give an even and smooth finish to the decladded area. The thickness comparison of original POF and the POF with its cladding removed is as shown in Fig. 1 . The image was taken using a confocal microscope with a magnification of 10 times. The uncladded area of the POF is cleaned with distilled water and dried with an air spray and placed in a sputter coater. Palladium (Pd) is sputtered onto the exposed part of the fiber with 0.1 mbar argon pressure and sputter current 20mA for 40 seconds. The POF is rotated 180° and the process is repeated so that it is evenly coated on both sides.
III. EXPERIMENT
The experimental setup is as shown in Fig. 2 . The palladium coated POF is placed in a custom made chamber and the ends of the POF are fixed with connectors. The connectors are then attached to a tungsten halogen white light source input (Ocean Optics (HL2000)). The white light source employed has a wavelength range between 360 nm and 2400 nm.
The output of the fiber sensor was connected to a spectrophotometer (Ocean Optics (USB4000)), with a detection range between 200 nm and 1100 nm. The output of the spectrophotometer was connected to a computer with Spectra Suite software for processing received optical signal.
H 2 from a gas tank is streamed into the chamber through pipes with valves that are controlled using a computerized mass flow controller system. Gas cylinders of high purity, dry synthetic air and H 2 were procured from Linde, MalaysiaSingapore Pte. Ltd.
The gas cylinders were attached to a mass flow controller. The purpose of using this device is so that concentration of H 2 can be varied by adjusting the volume of H 2 to synthetic air.
The concentration of H 2 is varied from 0.5% to 2% in synthetic air and passed through the chamber containing the sensor. After the intensity spectrum for each concentration of H 2 is recorded and the output is stable, clean synthetic air is flowed through the chamber to purge the H 2 and to observe the recovery of the sensor to its baseline.
Once the sensor recovers fully, the next concentration of H 2 is flowed into the chamber. These steps are repeated for each H 2 concentration.
The intensity response of the sensor is processed and recorded for different concentrations of H 2 . The dynamic response of the sensor is also recorded to study the response and recovery time of the sensor.
IV. RESULTS AND DISCUSSION
The intensity spectrums of the unmodified and modified POFs, when exposed to air in room temperature, are as shown in Fig. 3 . It can be observed that the intensity of the light signal decreased as it passed through the uncladded POF and the palladium coated POF.
When the light signal passes through an uncladded POF, some of the light in the core will escape to the surrounding as the light containment by the cladding is absent. This will cause a significant reduction in the intensity of light that is detected by the spectrophotometer. The Pd layer sputtered over the exposed core acts as a sensitive layer towards the detection of H 2 gas. Reduction of light intensity is observed at the spectrophotometer output for the palladium coated POF when compared to the uncladded POF.
The intensity spectrum of the fiber when exposed to different concentrations of H 2 in air at room temperature is presented in Fig. 4 . The intensity of the received light signal decreases as the H 2 concentration increases. The interaction between the Pd layer and the different concentrations of H 2 changes the optical properties of the Pd thin films, resulting in the relative responses of the developed sensor.
This effect is most noticeable at the 760nm region, which can be attributed to palladium hydride formation which is an electropositive from of H 2 bound in hydride-like position at its a b
2016 IEEE Region 10 Symposium (TENSYMP), Bali, Indonesia crystal planes [13] . This hydration of palladium causes changes in the optical properties of the metal due to the modifications to the lattice of the palladium crystal. This change in the optical property will result in an attenuation of light passing through the fiber [12] . The optical response of the Pd coated fiber sensor is caused by the reaction of palladium towards hydrogen gas as illustrated in Fig. 5 . When hydrogen gas comes into contact with the palladium thin film, the hydrogen molecule splits into singular hydrogen atoms at a highly efficient disassociation rate. The thickness and volume of the palladium layer expands as it absorbs hydrogen and as a result the optical properties of the layer changes. The real and imaginary parts of the permittivity of the palladium layer changes bringing a corresponding change to the boundary conditions at the surface of the sensor [24] . The dynamic response of the sensor is shown in Fig. 6 . The measurements were taken by integrating the intensity spectrum over a wavelength range of 700 -800 nm where the highest changes in the intensity spectrum were observed. The intensity levels are inversely proportional to the concentration of the H 2 gas. This agrees with the observations made in the intensity spectrum. The sensor demonstrated fast response and recovery time of approximately 80 seconds and 140 seconds respectively which is comparable to previous studies reported [24] [25] . A stable recovery baseline was also demonstrated when exposed to synthetic air after each sensing experiment. Repeatability of the sensing performance was confirmed by exposing the sensor to another cycle of 0.5% H 2 .
V. CONCLUSION
A highly sensitive palladium coated POF sensor towards H 2 gas was successfully developed. The sensor demonstrated significant responsiveness towards concentrations of H 2 from 0.5% to 2% in synthetic air. Repeatability and stability was also established by repeating the experiments up to 5 times. The sensor demonstrates great potential as a gas sensing platform in an all optical sensing environment.
VI. ACKNOWLEDGMENT
